We study the interaction of single Fe atoms on Cu͑111͒ and Ag͑111͒ substrates with low-temperature scanning tunneling microscopy and kinetic Monte Carlo simulations. In Fe/Cu͑111͒, a self-assembled hexagonal quasisuperlattice with perturbation of around 20% dimers/clusters is obtained. In Fe/Ag͑111͒, however, a disorderlike structure is found even though long-range interactions among atoms are observed. In combination with kinetic Monte Carlo simulations, possible mechanisms of the superstructure formation are discussed. We find that two parameters, i.e., the ratio of adatom interaction energy ͑the depth of the first energy minimum͒ to diffusion barrier and the square of the repulsive ring radius versus the superstructure lattice constant, play important roles for superstructure formation.
I. INTRODUCTION
Magnetic nanostructures have attracted theoretical and experimental interest due to their new physical properties and potential applications. [1] [2] [3] [4] [5] [6] [7] [8] [9] With the advance of modern growth and imaging techniques, it is possible to fabricate structures down to the atomic level. Atomic manipulation through scanning tunneling microscopy ͑STM͒ provides an interesting way for creating structures in a designed fashion and investigating their physics. 10, 11 Alternatively, self-assembly growth is appealing especially for potential applications as the structures can be fabricated more economically and in relatively large-scale homogeneity. 1, 5, 9 Recently, substrate mediated long-range interactions ͑LRI͒ between adatoms were explored to create self-assembled atomic structures. 1, 6, 9, 12 The LRI was first predicted 50 years ago by Kouteckỳ. 13 Later on Grimley, Einstein, and Lau et al., pointed out that it oscillates with a periodicity of half the Fermi wavelength and decays with increasing the interatomic distance. [14] [15] [16] The effect was experimentally first visualized by Tsong 17, 18 using field ion microscope on Re/W͑110͒. In Lau and Kohn's 15 paper, they also pointed out that the LRI decays less rapidly in the presence of a surface electron band. In 2000, Hyldgaard and Persson 19 investigated the LRI on the noble metal surface through Shockley surface states which locate at the narrow band gap in the center of the first Brillouin zone of the projected bulk band structures. Due to the fact that the LRI has a slower decay in the presence of the surface band and the wavelength of surface states at the Fermi level is generally longer than that of bulk states, the LRI induced by surface states is easier to be observed. Low-temperature STM is utilized to explore the LRI mediated by surface-state electrons on Ag͑111͒ and Cu͑111͒ surfaces. 1, 6, 12, 20 For a recent review, please see Ref. 21 . On Cu/Cu͑111͒ and Co/Cu͑111͒, locally ordered structures with sixfold symmetry were observed, while no superlattice was found. On Co/Ag͑111͒, only a disorderlike distribution ͑has a broad peak at preferred separation but without sixfold symmetry͒ was reported. Interestingly, at optimal conditions, Ce/ Ag͑111͒ and Ce/Cu͑111͒ show a well-ordered hexagonal superlattice up to a few hundred nanometers. 1, 20 Even the large in-plane lattice mismatches among both systems have no influence on the good quality of the superlattices. This is due to the fact that long-range interaction is dominant at this diluted region. In the meantime, ab initio theory was used to calculate the interaction energy of 3d transition-metal atoms on Cu͑111͒ and quantitative agreement with experimental results was obtained. 22 Negulyaev et al., 23 carried out kinetic Monte Carlo ͑KMC͒ simulations for the Ce/Ag͑111͒ system and confirmed that surface-state-mediated LRI is the driving force for superlattice formation. They find the formation mechanism for the superlattice to be a delicate balance between the magnitude of the diffusion barrier and the depth of the first local minimum in LRI, and the concentration of deposited adatoms. Hu et al. 24 performed similar simulations for Fe/Cu͑111͒ and predicted that a superlattice can also form in the absence of dimer formation. So far, only a few systems were explored and many parameters were proposed to be important for the superlattice formation. Further studies of other systems are required to generate a more general picture for superstructure formation.
In this paper we present the studies of the interaction of Fe adatoms on Cu͑111͒ and Ag͑111͒ surfaces. The Fe atoms are deposited at the temperature where no apparent atom diffusion was found. STM images show that Fe single atoms are randomly distributed on the substrates. In Fe/Cu͑111͒, the Fe adatoms are self-assembled into a hexagonal quasisuperstructure with perturbation of around 20% dimers/clusters after annealing. In Fe/Ag͑111͒, however, only a disorderlike structure is found even though long range interactions among atoms are observed as well. To understand the mechanism of superstructure formation, we compared different experimental systems and carried out KMC simulations. We find that two parameters, i.e., the ratio of adatom interaction energy ͑the depth of the first energy minimum͒ to diffusion barrier and the square of repulsive ring radius versus the superstructure lattice constant, play important roles for superstructure formation.
II. EXPERIMENTAL TECHNIQUES
The experiments were carried out in a ultrahigh vacuum low-temperature STM cooled to 4. 
III. METHOD OF CALCULATION
We use the KMC method to simulate the growth and annealing process for the formation of the superlattice. The method was used in several systems. [23] [24] [25] In the calculations, the difference in fcc and hcp sites is neglected and only hopping between fcc ͑hcp͒ sites and the nearest hcp ͑fcc͒ sites is taken into account. The hopping rate of an adatom from site i to site j on the ͑111͒ surface is calculated using the expression v i−j = v 0 exp͑−E ij / k B T͒, where T is the temperature of the substrate, v 0 is the attempt frequency, k B is the Boltzmann's constant and E ij is the hopping barrier, namely, the energy difference between bridge site and initial hollow site. We set v 0 to 10 12 Hz for Fe atoms on Cu͑111͒ and Ag͑111͒. After LRI is included, the approximate hopping barrier, E ij = E d + 0.5͑E j − E i ͒, is used, where E d is the diffusion barrier for an isolated atom on a clean surface, and E i͑j͒ is the total LRI at site i͑j͒.
In the simulations, we use the long-range interaction energy between two Fe atoms mediated by the Cu͑111͒ surfacestate electrons calculated by Stepanyuk et al. 22 The longrange interaction energy is replotted as a solid line in Fig. 1 .
When the two atoms are separated with the lattice constant distance, they form strong chemical bonding, which typically involves the energy on the scale of a few tenths of eV. 26, 27 With slightly increasing the separation, the interaction energy enters a repulsive region with the maximum repulsive energy E r at the separation of a. After that, it encounters its attractive region with the minimum energy E i at the position b. With further increasing the separation, the interaction oscillates between repulsion and attraction with the period of about half of the Fermi wavelength but with a decreasing amplitude. One should keep in mind that the Fe atoms not only sit on a surface electron sea but also on a hexagonal matrix of atoms. Therefore the Fe atoms have the lowest energy when they sit in the threefold hollow site. When an Fe atom moves from one of this hollow site to a neighboring hollow site, it needs to across an energy barrier ͑diffusion barrier E d ͒ as it passes to a bridge position of two Cu atoms. The diffusion barrier for Fe atoms on Cu͑111͒ was estimated to be 25 meV. 8 To present both effects together, we superimpose the diffusion barrier and the long-range interaction potential between two atoms as the dashed line in Fig. 1 . We note that the superposition is arbitrary. Due to the existence of the two-dimensional lattice, it does not present the real potential accurately. In our simulations, the real potentials are calculated two dimensionally.
IV. RESULTS AND DISCUSSION
We first investigate the growth of Fe atoms at 6 K. Figure  2͑a͒ shows Ϸ0.2% monolayer equivalent ͑MLE͒ Fe adatoms deposited on Cu͑111͒. The image is obtained with the scanning condition of the sample bias V s = 0.1 V and the tunneling current I t = 0.1 nA. Most of the Fe's are singles. To obtain the statistics of the interatomic distance, we plot the histogram of the nearest-neighbor separation of the Fe atoms on Fig. 2͑b͒ ͑bar͒ and compare to the random distribution function f ran ͑r͒ at the given coverage ͑the solid line͒. The random distribution function can be derived from a rule of thumb: equal number of atoms occupy equal area. Experimentally, the scanned area typically is a square. To compare with the experimental data, it requires certain correction for the given square shape. The corrected random distribution 
where L ϫ L is the image size, N is the number of atoms per image and n is the number of images taken into the evaluation. The function has been crosschecked with kinetic Monte Carlo simulations. One can see that the experimental histogram ͑bar͒ agrees well with the random distribution function ͑line͒ except with r Ͻ 0.6 nm. This suggests that the thermal energy is well below the diffusion barrier E d and that there is a strong barrier preventing the Fe atom pairs from having a separation of less than 0.6 nm. The Fe atoms also carried some energies when they left the evaporation source, consisting of the thermal energy and the energy carried by Fe ions. This may also influence the distribution. From our experiment, we could not distinguish this influence. This may be due to only a few atoms being deposited and among them only less than 0.1% being ionized. 28 To characterize the diffusion barrier, we investigate the atomic-diffusion process of single Fe atoms on Cu͑111͒ which are well separated from each other. About 5 ϫ 10 −4 MLE Fe atoms are deposited. A typical image is shown in Fig. 3͑a͒ . The image is obtained with the scanning condition of the sample bias V s = 0.1 V and the tunneling current I t = 40 pA. Under this condition, we did not find any apparent tip induced atom hopping at 4.6 K. Then the temperature is slowly raised up to temperatures where atomic diffusion can take place within a time period of several minutes to several tens of minutes. Consecutive scanning with the rate of 78 s/frame is carried out to trace single-atom trajectories. The hopping rates at different temperatures are recorded and used to fit with the Arrhenius law v = v 0 exp͑−E d / k B T͒ ͓Fig. 3͑b͔͒. The fitting yields that the diffusion barrier E d = 23.8Ϯ 1.5 meV and the attempt frequency v 0 =4ϫ 10 8Ϯ1 . Our measurements agree with previous investigation, 25 where a diffusion barrier E d =22Ϯ 7 meV and the attempt frequency v 0 =1ϫ 10 10Ϯ2 are obtained. The slight difference may come from the detailed temperature calibration and the tip-induced atom hopping. We note that a previous theoretical calculation yielded the diffusion barrier of 25 meV for Fe atom on Cu͑111͒. 8 The measured diffusion barrier and the attempt frequency also explain why no apparent atomic diffusion was found at 4.6 K.
To explore the long-range interaction among the Fe atoms, we investigate the annealing effect for the samples with different coverage. We found there were noticeable increase in dimer and clusters when the annealing temperature is above 14 K. Therefore, we limit the annealing temperature to be 12 K. Figure 4͑a͒ presents a typical topographic image for the sample with a coverage of 4.2ϫ 10 −3 MLE after annealing at 12 K for 5 min. The image was taken at 4.7 K to avoid the smearing due to the fast movement of atoms. We can see that the Fe atoms tend to keep separate from each other at a preferred distance. At some places, the atoms even form ordered structures. To obtain the quantitative information, we recorded many images and made a histogram of the statistical distribution with the nearest-neighbor Fe separation. The result is shown in Fig. 4͑b͒ as columns. It shows three peaks with decreasing amplitude. The highest peak appears at Ϸ1.2 nm and the other two peaks at Ϸ2.7 nm and Ϸ4.2 nm. The histogram oscillates with a period of 1.5 nm, which is half the wavelength at the Fermi level of the Shockley surface state on Cu͑111͒. The observed histogram is clearly different from the random distribution function at the same coverage ͑plotted as the solid line in the same figure͒ which evidences the existence of a long-range interaction among the Fe atoms. To quantify the interaction energy of the long-range interaction, we follow the procedure established by Repp et al. 12 and Knorr et al. 6 The interaction energy can be obtained through Boltzmann's statistics: E͑r͒ =−k B T ln͓f͑r͒ / f ran ͑r͔͒, where f͑r͒ represents the experimental observed histogram and f ran ͑r͒ is the random distribution function at the given coverage. Figure 4͑c͒ shows the experimentally determined interaction energy as a function of the adatom separation. We can see that the interaction energy oscillates with decreasing amplitude. The period is about 1.5 nm. The first minimum, which appears at Ϸ1.1 nm, is about Ϸ1.7 meV below the energy without any interatomic interaction. The position and amplitude of the energy minimum agree well with the previous experimental investigation 25 and the theoretical calculation by Stepanyuk et al. 22 For a comparison, we performed similar measurements for Fe on Ag͑111͒ system. Our time-dependent hopping rate measurements yield the diffusion barrier to be 43.3Ϯ 4 meV and the attempt frequency to be 1 ϫ 10 12Ϯ2 Hz for Fe atoms on Ag͑111͒. The tunneling conditions of 100 mV and 5 pA are used in the measurement. With this diffusion barrier, a higher temperature, 20 K, is used for the annealing. Figure  5͑a͒ presents a typical image after annealing for 5 min at 20 K. We can see that the Fe atoms seem to be randomly distributed. To obtain more quantitative information, we plot experimentally obtained the nearest-neighbor distribution ͓bar in Fig. 5͑b͔͒ and compare with the random distribution function ͓line in Fig. 5͑b͔͒ . We can see that they are quite different, indicating the presence of the long-range interaction. From the histogram, we calculated the interatomic interaction. The result is shown in Fig. 5͑c͒ . We find that the interaction energy of Fe on Ag͑111͒ also oscillates as a function of the interatomic separation. The lowest energy is about Ϸ1.7 meV which is similar to the Fe on Cu͑111͒. The position of the energy minimum, however, appears at a different position, which is around Ϸ2.5 nm for Fe on Ag͑111͒ in contrast to Ϸ1.1 nm for Fe on Cu͑111͒.
Inspired by the work of Silly et al., 1 we try to find the optimum conditions to grow the hexagonal superlattice. As the energy minimum of the long-range interaction energy for Fe/Cu͑111͒ appears at 1.1 nm, we can calculate the optimum coverage for the superlattice to be 4.5ϫ 10 −2 MLE. Therefore, we performed several experiments around this coverage. Figure 6͑a͒ presents the result for coverage = 4.5 ϫ 10 −2 MLE. We find that the Fe atoms form a well-ordered hexagonal superlattice except near the white spot region. The white spots are the Fe clusters formed during the growth. Figure 6͑b͒ shows the histogram ͑bar͒ obtained from Fig.  6͑a͒ . It shows a sharp peak around 1.2 nm. The half width of the peak is about 0.3 nm. For a comparison, the random distribution function is also plotted as a solid line. The peak appears at different position and it is much broader. We also attempted to find the optimum condition for superlattice formation on Fe on Ag͑111͒. However, no matter how we tuned the concentration and the annealing temperature, we did not observe an ordered superlattice. Only disorderlike structures similar to that shown in Fig. 5͑a͒ were obtained.
Comparing Fe on Cu͑111͒ and Ag͑111͒, we find that they are dramatically different even though the interaction energy minimum for both systems is basically the same, i.e., 1.7 meV. The main difference is that we need to use higher temperature to anneal Fe atoms on Ag͑111͒, which is required by the higher diffusion barrier, i.e., Ϸ43 meV vs Ϸ24 meV. Negulyaev et al., 23 pointed out that the formation condition is determined by the subtle balance between the interaction energy and the diffusion barrier. We list the interaction energies, the diffusion barriers, and their ratio for different systems in Table I , including the experiments by Silly, Knorr, Repp, and Negulyaev et al. 1, 6, 12, 20 One can find that with decreasing ratio, the ordering of the individual systems becomes worse and worse. For the ratio above 6%, wellordered or quasiordered superlattices can be obtained for Ce/ Ag͑111͒ and Fe/Cu͑111͒. For the ratio around 4%, locally ordered structures but without long-range order can be found for Cu/Cu͑111͒ and Co/Cu͑111͒. For Fe and Co on Ag͑111͒, however, only disorderlike structures are observed.
The physical picture can be understood in the following way: when the atoms are deposited at low temperature, they are randomly distributed on the sample surface as observed in Fig. 2 . In order to form an ordered superlattice, the atoms need to make enough steps to hop to the ideal positions. Given the limited experimental time, ͑5 min in our case͒, we need to anneal the sample to a temperature where enough hopping could happen. According to the Arrhenius law, the annealing temperature is proportional to the diffusion barrier of the system. Raising of the temperature, however, creates a thermal broadening in the system. The effect of the thermal broadening is determined by the ratio of the depth of the potential well versus the temperature, which is proportional to the interaction energy versus the diffusion barrier. The higher the ratio is, the less the thermal broadening and the better superlattice can be achieved. Therefore, we can conclude that the ratio is one of the critical parameters which determine the formation condition for the superlattice. One may also notice that there is slight difference between Fe/Cu͑111͒ and Ce/Ag͑111͒ even though they have very similar ratio of interaction energy versus the diffusion barrier. For Ce/Ag͑111͒, an almost perfect superlattice can be achieved. For Fe/Cu͑111͒, however, only a quasisuperlattice is obtained. There are Fe dimers and clusters on the Cu͑111͒ surface as well. It was pointed out that the formation of the dimers and clusters can dramatically influence the formation of the superlattice. 24 Due to the strong chemical bonding ͑typically one order of magnitude larger than the LRI energy 26, 27 ͒, the dimers and clusters are very stable. Once they are formed, it is difficult for them to break up and become monomers again. One can imagine that the dimers and clusters have much higher diffusion barriers than the Fe monomers as the effective mass is bigger. This makes it difficult for them to move to the ideal position for the superlattice which leaves disorder in the system.
From the separation-dependent interaction between Fe atoms on Cu͑111͒, shown in Fig. 1 , one can see that the Fe atoms need to pass a repulsive region before forming dimers. There is a critical separation, a with the maximum repulsive energy E r . As the slopes on both sides of this peak are big, there would be no dimer formation when the separation between two Fe monomers is above a. On the other hand, a dimer will be formed when the separation is below a. As we discussed above, the Fe atoms follow the random distribution function when they are deposited at low temperature. If we assume the average separation of the Fe atoms for a given coverage is r then r 2 ϰ 1 / . Following the rule of thumb for the random distribution function, one can derive the probability of forming dimers to be a 2 / r 2 . This is supported by the kinetic Monte Carlo simulations, which yield that the dimer concentration of the system is linearly dependent on the coverage when the coverage is small. 24 For the formation of the superlattice, one needs to tune the coverage to satisfy the r to be equal to the energy minimum position b. Therefore, the dimer concentration for the optimum coverage for forming the superlattice is proportional to a 2 / b 2 . In order to obtain a good quality superlattice, we need to limit the dimer formation that is to find the system with smaller a 2 / b 2 . Table II shows the comparison of a 2 / b 2 with the experimentally estimated dimer concentration for Fe/Cu͑111͒ and Ce/Ag͑111͒. One can find that the estimated values and the experimental data are quite similar. The deviation may come from the effect of the strain relaxation as discussed by Negulyaev et al. 25 From the table, one can also find that the dimer concentration for Fe/Cu͑111͒ is much higher than the value for Ce/Ag͑111͒. This could be the main reason for the different qualities of the superlattice in both systems. As Fe/ Cu͑111͒ forms a quasisuperlattice, one may speculate that the upper limit of a 2 / b 2 for a good-quality superlattice formation is about 19%.
Besides the dimer formation during the deposition process, the dimer can also be induced if the annealing temperature is too high. For instance, we find there are noticeable increasing of Fe dimers on Cu͑111͒ when the annealing temperature is above 14 K. This is due to the atoms can cross the repulsive energy barrier, E r and form dimers with the assistance of the thermal energy. The two energy barriers, E r and E d set the upper and lower limit of the annealing temperature. It is good to have a system with E r considerably larger than E d .
To further demonstrate the proposed mechanism, we carried out kinetic Monte Carlo simulations for Fe/Cu͑111͒ and Ce/Ag͑111͒. For Fe on Cu͑111͒, we use the interaction energy from the theoretical calculation by Stepanyuk et al. 22 We note that the calculated curve is almost the same as our measured data when the separation is larger than 0.7 nm. To separate the effects discussed above, we first artificially limit the dimer formation in the simulations. The effect of dimer formation will be discussed later. In order to show the effect of different E i / E d , we also artificially varied the diffusion barrier while keeping the same interaction energy. To simulate the experiments, we first deposited 4.5% MLE Fe atoms at 4 K with the deposition rate of 0.01 MLE/minute in the simulations. After that, we annealed the sample for 500 s. In order to obtain enough Fe hopping rates, we chose different annealing temperatures according to the respective diffusion barriers. In our case, the selection criterion is that there should be no significant difference for the samples annealed for 500 or 1000 s. Figure 7͑a͒ -7͑c͒ presents the simulated results for three different diffusion barriers. When E d = 25 meV ͓Fig. 7͑a͔͒, 10 K is used as the annealing temperature. We can see that the simulation yields an excellent superlattice. The Fourier transform pattern of the image shows a sharp hexagonal pattern. We note that the E i / E d value corresponds to the values for Fe/Cu͑111͒ and Ce/Ag͑111͒ system. When E d increase to 37.5 meV ͓Fig. 7͑b͔͒, we need to use the annealing temperature of 15 K to achieve enough hopping rates for Fe atoms with the given 500 s annealing time. We find some of the atoms start to deviate from the ideal positions. The Fourier transform pattern of the image still shows a hexagonal pattern but the spots are a little bit blurred, not as sharp as the spots shown in Fig. 7͑a͒ . When we further increase the diffusion barrier E d to 50 meV ͓Fig. 7͑c͔͒, we use 20 K for the annealing temperature. We find that the hexagonal pattern disappears. The Fourier transform pattern only shows rings, indicating that the disorder is dominating even when the atoms have their preferred separation. The current ratio of 
6% is approximately equivalent to the ratio in Fe/ Ag͑111͒ system. To summarize, in the absence of dimer formation, a ratio of E i / E d higher than Ϸ5% is required to obtain a good-quality superlattice. We note that we also used the interaction energy for Ce on Ag͑111͒ and performed similar simulations. The same conclusion can be drawn. Figure 7͑d͒ presents the result of KMC simulations for E d = 25 meV and with the possibility for forming dimers/ clusters. One can find that the dimers/clusters indeed strongly influence the superlattice formation. One can also find hexagonal structures in the region where a low concentration of dimer is found. This agrees well with our experimental findings ͑Fig. 6͒. The slight deviation may come from that the neglect of hopping of the dimer in the simulations. The barrier for dimer translation is typically between 1.5 and 2 times the diffusion barrier of the monomer. 30 When this is included, a better agreement is expected. In addition, the dimer is shown as a single object in the experimental images while it was plotted as two atoms in the simulated result, which may create different visual impressions.
V. CONCLUSION
In conclusion, we have studied the long-range interactionmediated redistribution of Fe atoms on Ag͑111͒ and Cu͑111͒. It is found that Fe single atoms on Cu ͑111͒ form a quasihexagonal superlattice. For Fe on Ag͑111͒, only disorderlike structures are found. In combination with the comparison several experimental systems and the kinetic Monte Carlo simulations the formation mechanisms of the superlattice are discussed. In order to obtain a good quality self-organized superlattice, two basic requirements need to be fulfilled: the ratio of the interaction energy E i versus the diffusion barrier E d needs to be larger than Ϸ5% and the square of the repulsive ring radius a relative to the superstructure lattice constant b needs to be smaller than Ϸ19%. The same interaction energy is used all images. ͑a͒-͑c͒ exclude the dimer formation in the simulation and use 25, 37.5, and 50 meV as the diffusion barrier, respectively. ͑d͒ uses 25 meV diffusion barrier but also include the dimer formation.
